Abstract Northwest Africa (NWA) 6963 was found in Guelmim-Es-Semara, Morocco, and based on its bulk chemistry and oxygen isotopes, it was classified as a Martian meteorite. On the basis of a preliminary study of the textures and crystal sizes, it was resubclassified as a gabbroic shergottite because of the similarity with terrestrial and lunar gabbros. However, the previous work was not a quantitative investigation of NWA 6963; to supplement the original resubclassification and enable full comparison between this and other Martian samples; here we investigate the mineralogy, petrology, geochemistry, quantitative textural analyses, and spectral properties of gabbroic shergottite NWA 6963 to constrain its petrogenesis, including the depth of emplacement (i.e., base of a flow versus crustal intrusion). NWA 6963 is an enriched shergottite with similar mineralogy to the basaltic shergottites but importantly does not contain any fine-grained mesostasis. Consistent with the mineralogy, the reflectance (visible/near-infrared and thermal infrared) spectrum of powdered NWA 6963 is similar to other shergottites because they are all dominated by pyroxene, but its reflectance is distinct in terms of albedo and spectral contrast due to its gabbroic texture. NWA 6963 represents a partial cumulate gabbro that is associated with the basaltic shergottites. Therefore, NWA 6963 could represent a hypabyssal intrusive feeder dike system for the basaltic shergottites that erupted on the surface.
Introduction
The Martian meteorite collection consists of shergottites (basalts and basaltic cumulates), nakhlites (clinopyroxenites), chassignites (dunites), Allan Hills 84001 (orthopyroxenite), regolith breccias (Northwest Africa, NWA 7034 and paired stones), two ancient (~2.4 Ga) shergottitic-type rocks (NWA 8159 and NWA 7635) , and is expanding in terms of diversity of samples (e.g., Agee et al., 2013 Agee et al., , 2014 Goodrich, 2002; Herd et al., 2017; Lapen et al., 2017; McCoy et al., 2011; McSween & Treiman, 1998; Treiman, 2005) . Shergottites still represent the largest portion of the collection and can be further classified on the basis of mineralogy and textures into the subclasses: basaltic, olivine-phyric (ol-phyric), and poikilitic-previously called lherzolitic (e.g., Goodrich, 2002; McSween, 2002) . Basaltic shergottites are mafic rocks that consist of roughly subequal amounts of pyroxene (typically pigeonite) and plagioclase (now shock metamorphosed to maskelynite) with minor accessory minerals and no forsteritic olivine (e.g., McSween & Treiman, 1998) . They exhibit a range of textures but are typically coarse-grained rocks with a finer-grained matrix (McSween & Treiman, 1998) . Based on the mineralogy and textures, they have been interpreted to represent samples of near-surface lava flows (e.g., Lentz & McSween, 2000; McSween, 1985 McSween, , 2002 . However, original investigations of basaltic shergottites suggested that their textures were consistent with terrestrial diabases (e.g., Brearley, 1991; Smith & Hervig, 1979) . Further, a recent preliminary investigation into the textures of NWA 6963 (originally classified as a basaltic shergottite) has suggested that basaltic shergottites can be gabbroic in nature and represent intrusive magmas . Another shergottite, NWA 7320, with a gabbroic texture including accumulated plagioclase has recently been discovered as well (Udry et al., 2017) .
The original investigation of NWA 6963 was largely a qualitative comparison of grain sizes and shapes between NWA 6963 and terrestrial and lunar gabbros and did not provide mineral or bulk chemistry, quantitative textural analyses, or spectroscopic measurements. Therefore, we combine mineralogy, petrology, quantitative textural analyses pyroxenes, and spectral properties of gabbroic shergottite NWA 6963 in the current study to constrain whether it formed in a near-surface flow or crystallized at greater depth as a gabbroic or hypabyssal intrusion. Such intrusive magmas should dominate the magmatism in the Martian crust producing coarse-grained gabbroic rocks (Baratoux et al., 2014; Crisp, 1984; Filiberto et al., 2014) , but gabbros are very rare in the Martian meteorite collection. Therefore, studying gabbroic rocks, such as NWA 6963, can help fill an important gap in knowledge about the mineralogy, petrology, and physical properties of the Martian crust at depth.
Sample-NWA 6963
NWA 6963 was found in 2011 in Guelmim-Es-Semara, Morocco near the river Oued Touflit (Ruzicka et al., 2014) . It is probably paired with NWA 7258, which has similar mineralogy and bulk chemistry (Meyer, 2014) . Based on the bulk chemistry and oxygen isotopes, NWA 6963 and paired stone NWA 7258 were classified as Martian meteorites (Warren et al., 2012; Wilson et al., 2012) . More specifically, NWA 6963 was originally classified as a basaltic shergottite based on similarities of the mineralogy, chemistry, and textures with Shergotty-the type specimen of basaltic shergottites. Additional preliminary investigations into the textures of the rock led to resubclassification of the rock as a gabbro because of similarity of the textures and crystal sizes to those of terrestrial and lunar gabbros .
For this study we used the same 1.201 g part slice of the meteorite from Martin Altmann and Stefan Ralew of Chladni's Heirs and cut and polished a section of it into a thick section . The same thick section from our previous study was used for the mineral chemical analyses, shapepreferred orientation (SPO), crystal size distribution (CSD), and spatial distribution patterns (SDP). A second thick section and a thin section were made of the other half of the sample from our previous study ( Figure 1 ). These were used for mineral chemical analyses, shock mineralogy analyses, Microscopic Fourier Transform Infrared (μ-FTIR) Spectroscopy, CSD, SDP, and Micro X-Ray Fluorescence (μ-XRF). Further, parts of this other half were broken into chips and powders for major element, trace element, and visible/nearinfrared spectroscopy.
Methods

Electron Microprobe-In Situ Major and Minor Element Analyses
Mineral chemical analyses were obtained with an electron microprobe (Cameca SX100) at the American Museum of Natural History. Operating conditions were standard for all minerals except maskelynite and apatite and were 15 kV acceleration voltage, 20 nA beam current, and a focused beam (1 μm). For maskelynite a defocused beam of 10-μm diameter was used to not drive off light elements (including Na) during analyses. Thirty seconds and 10 s per element peak and background counting times were used. Apatite and merrillite were analyzed for major elements as well as F and Cl following the procedures in Goldoff et al. (2012) ; for details, see Selin et al. (2014) . All analyses of F, Na, and Cl were conducted with an accelerating voltage of 10 kV, a beam current of 4 nA, and a 5-μm beam diameter. Peak times were 10 s for F and Na and 20 s for Cl. A second set of operating conditions was used for all remaining elements: 15-kV accelerating voltage, 20-nA beam current, and 1-μm beam diameter. Representative phosphate analyses are included here, but are the focus of an ongoing in-depth investigation (Selin et al., 2014) .
Backscattered electron images and X-ray intensity maps were taken with the Cameca SX100 electron microprobes at the American Museum of Natural History and at the Open University. Following the procedure described in Maloy and Treiman (2007) these were used to calculate the modal mineral abundance.
Fused Bead-Bulk Major Element Analyses
A subsample of NWA 6963 was pulverized in an agate mortar and~20 mg of this powder was fused to glass beads under an Ar atmosphere in a Mo-strip resistance heater following previous procedures (Jolliff et al., 1991; Wittmann et al., 2015; Zeigler et al., 2005) . Three of these fused glass beads were mounted, polished, and analyzed with the JEOL 8200 electron microprobe at the Department of Earth and Planetary Sciences at Washington University in Saint Louis. Using a beam diameter of 20 μm, an accelerating voltage of 15 kV and a beam current of 25 nA, the concentrations of the elements Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, Na, K, P, S, V, Ni, Co, and Mo were measured on 24 spots on the three glass beads. With counting times of 30 s on the peaks and 15 s on the backgrounds, these analyses obtained detection limits of 0.02 wt % for MgO and K 2 O; 0.03 wt % for Na 2 O, Al 2 O 3 , TiO 2 , Cr 2 O 3 , P 2 O 5 , SO 3 , V 2 O 3 , and CoO; 0.04 wt % for SiO 2 , CaO, MnO, and FeO; 0.05 wt % for NiO; and 0.06 wt % for MoO 3 . The oxide concentrations were recalculated to MoO 3 -free abundances because all MoO 3 was assumed to have been admixed to the glass beads from the Mo-metal strips.
Solution ICP-MS-Bulk Trace Elements Analysis
Following the procedure used for Martian meteorite NWA 6234 (Filiberto et al., 2012) , a split of wellhomogenized powder of NWA 6963, the same split that was used for reflectance spectroscopy, was digested in a 4:1 mixture of concentrated Teflon-distilled (TD) HF and HNO 3 inside a Teflon Parr bomb at >180°C for >72 hr in an oven along with separate digestions of standard rock powders and a total procedural blank. Digestion vessels were then allowed to cool, were uncapped, and solutions were taken to incipient dryness. Residues were repeatedly taken into solution with concentrated TD HNO 3 and HCl and dried down to remove any residual fluorides. Gravimetrically weighed aliquots representing 25% of the final 4 mL 4 M HCl solution were separated for trace element abundance measurement. Trace element analysis solutions were evaporated and taken up in 0.8 M HNO 3. These solutions were doped with indium for internal normalization and drift correction and diluted by a factor of 60 in 0.8 M HNO 3 . Basaltic international standard BHVO-2 was prepared using the same procedure as the sample and was used as an external standard throughout the analytical session. Trace element measurements were accomplished using the Element 2 Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) at the University of Maryland, College Park. Solutions were desolvated and introduced using an Elemental Scientific Inc. Apex with oxide production~3%. Raw data were corrected off-line for blank contributions (low [<0.1% of measured concentration] and consistent), drift (negligible during analysis), and were calibrated and monitored relative to accepted values of international standard BHVO-2 for accuracy. Reproducibility (as 1σ relative standard deviation) was <7% for most elements with the exception of Zn, Ta, and W for runs of basalt standard BHVO-2.
Micro X-Ray Fluorescence
A polished thick section of NWA 6963 was mapped using μ-XRF at Washington University at St Louis. The Edax Orbis μXRF is equipped with an Rh tube and polycapillary optics, and mapping was performed with a 30-μm X-Ray spot size. The sample map was acquired in vacuum using 40-kV and 750-μA tube conditions, no filter, with a resolution of 512 × 400 pixels at a step size of 14 μm. Count time was 400 ms per analysis spot, equating to an approximately 24-hr analysis time. The maps produced are raw intensity X-ray maps.
Crystal Size Distribution
Crystal size distribution analysis can be used to constrain the magmatic thermal and growth history, as well as the cooling rate and residence times of a particular crystal population. CSD can provide information about magmatic processes such as magma mixing, fractionation, and assimilation (Cashman & Marsh, 1988; Marsh, 1988) . CSD analyses are represented as a negative linear plot of crystal size versus population density, assuming steady state nucleation in an open system. The steadystate crystal population can be characterized by the equation:
where n is the population density, n 0 is the final nucleation density (and slope intercept), L is the crystal size, G is the growth rate, and τ is the residence time (Cashman & Marsh, 1988; Marsh, 1988) .
Each pyroxene crystal was first drawn by hand in Adobe Illustrator using digital images of the thin section of NWA 6963 and a petrographic microscope to distinguish pyroxene grain boundaries. The crystals located on the edge have not been included because they may not represent whole crystals and therefore introduce a bias. Using the National Institutes of Health (NIH) ImageJ software (https://imagej.nih.gov/ij/), the area of each crystal, total area, major and minor axes of ellipse, and centroid location were determined. The crystals with minor axis < 0.03 mm have been removed as they are expected to represent projection of a crystal because they are similar in size to the thickness of the analyzed thin section (e.g., Higgins, 2000) . The major and minor axes were then imported in CSDslice (Morgan & Jerram, 2006) . This software determines the best match habit of the crystal population by converting the two-dimensional thin section measurements into threedimensional crystal sizes (best fit short, intermediate, and long axes) using a database of 703 discrete crystal habits. To estimate reliability of the inferred shape, R 2 is determined by the software. The individual crystals' areas, total area, and the minor and major axes of the ellipse were then entered into the CSDcorrections software (Higgins, 2000) to calculate the pyroxene population density versus crystal size.
Spatial Distribution Pattern
The SDP analyses define the packing arrangement of crystal grains in a rock (Jerram et al., 1996) . This tool can help distinguish between ordered and clustered grain populations by plotting porosity versus the R value, which represents the ratio of the observed versus predicted mean distribution of nearest-neighbor distance including the distribution density. The R value is defined as
where ρ is the density of the observed population, r is the nearest-neighbor distance, and N is the total number of the grains measured (Jerram et al., 1996) .
The variation of a random distribution of spheres with porosity is defined by a line called the random sphere distribution line, which distinguishes ordered and clustered grain population. R values are expected to vary depending on compaction, sorting, and the presence of overgrowths. The R value can be determined with the Big-R software in CSDcorrections by inputting the coordinates of the center of the best fit ellipses and total area of the phase measured using the ImageJ software.
Shape-Preferred Orientation
Two-dimensional shape-preferred orientation of pyroxenes in NWA 6963 was quantified using the intercept method to help constrain the processes that formed magmatic fabrics. The intercept method (Launeau & Robin, 1996) provides a convenient and easy method for fabric analysis with a high sensitivity for shape anisotropy (0.3% error). The method consists of counting the number of intercepted points of an object, for example, pyroxene crystals on a digital image, by a set of parallel scan lines along a number of orientations using Intercept2003 freeware. Fabric investigations by the intercept method facilitate the analysis and quantification of magmatic deformation, strain, fabric orientation, fabric intensity, and lineament of 2-D and 3-D objects (Launeau et al., 2010) . Image analysis measures the shapes of anisometric rigid bodies in kinematic systems (such as magmatic systems) to quantify mean orientations of crystals. Image analysis by the intercept method greatly increases the efficiency of measurements through digital images and computer-assisted analysis techniques (Launeau et al., 1990) .
For this work, parallel scan lines intercepted points per 9°rotation (step angle), yielding 40 directional measurements. The program determined whether or not each intercepted point belonged to the mineral phase being analyzed and produced rose diagrams (polar plots) based on the number of intersected points in each respective 9°rotation.
Elongated pyroxene crystals, that is pigeonite and augite, were first hand-traced onto an 8.5 × 11 inch transparency fixed to a computer screen. The ideal method for delineating pigeonite and augite stands as hand tracing, because various automated tracing techniques do not distinguish between fractures in crystals as well as the human eye. The transparency was then scanned and converted into a PDF document. Creating binary images (black and white), using Canvas X software, provided a contrast between grains and the image background required for image analysis. Adobe Photoshop CS4 11.0 was used to delineate large, statistically significant pyroxene grains. The elongated, tabular shape of pyroxene crystals, that is pigeonite and augite, makes it more susceptible to mechanical rotation, thus the best candidate for SPO studies.
Visible/Near-Infrared Spectroscopy
Visible/near-infrared (VNIR) reflectance spectra of NWA 6963 were measured at the Keck/NASA Reflectance Experiment Laboratory (RELAB, Pieters, 1983) at Brown University. Spectra were acquired between 300 and 2,600 nm with a 5-nm sampling, and were normalized to a pressed halon standard. A representative 2-mm spot on the unpolished flat-cut face of a chip was analyzed and then the chip was crushed and dry-sieved to a <45-μm size fraction. Measuring as a powder removes any textural effects and Fresnel reflections associated with slab measurements and allows for easier comparison to past measurements of other Martian meteorites acquired at RELAB.
Microscopic Fourier Transform Infrared Spectroscopy
Infrared (4,000-400 cm
À1
; 2.5-25 μm) spectra across a thick section of NWA 6963 were measured using a ThermoElectron iN10 FTIR reflectance microscope in the spectroscopy laboratory at SwRI-Boulder (Hamilton & Filiberto, 2015) . The optical geometry of this instrument is such that these reflectance data are comparable to emissivity spectra according to Kirchhoff's Law (E = 1 À R) as it does not observe at the grazing angles known to produce band broadening near the Christiansen feature (Salisbury et al., 1991) . Analyzing a thick section minimizes the likelihood of internal reflections (Hofmeister, 1995) , and none were observed. Unlike traditional reflection or emission spectroscopy of rock or powdered samples, this technique allows for the in situ investigation of the spectral character of individual grains in the sample, enabling a more accurate assessment of phase abundance, crystallinity, and orientation. We mapped 6.6 mm 2 of NWA 6963 at 300 μm spatial resolution (506 spectra) and 4 cm À1 resolution (2 cm À1 sampling).
Several fractures and voids in the sample are filled with terrestrial carbonate and epoxy; the distinctive infrared spectra of these components allows us to identify and remove their spectra from the map.
Results
Bulk Rock Chemistry
The bulk chemical composition of NWA 6963 (Table 1 and Figure 2 ) is fairly typical of Martian meteorite basalts; it is low in Al and rich in Fe and Mg. Martian magmas are thought to have fairly constant element (Dreibus & Wänke, 1982 , 1985 , 1987 Filiberto, 2008; McSween et al., 2009; Papike, 1998; Treiman et al., 2000; Treiman & Filiberto, 2015) . Originally, NWA 6963 was considered to be mineralogically and chemically similar to Shergotty and Zagami (e.g., Warren et al., 2012; Wilson et al., 2012) , but the composition in fact differs significantly. NWA 6963 has lower Al 2 O 3 than most of the basaltic shergottites and has the highest measured MnO content of ol-phyric and basaltic shergottites (Figure 2 ), eclipsing our recent analyses of ol-phyric shergottite NWA 6234 (Filiberto et al., 2012) . It is also one of the most iron-rich basaltic shergottites with a similar FeO content (FeO: 21.26 ± 0.93) but a significantly higher MnO content (0.60 ± 0.03) than Los Angeles (MnO: 0.52; data for Los Angeles from Warren et al., 2004) . NWA 6963 also has a fairly high Na 2 O/Al 2 O 3 ratio and has a K 2 O/TiO 2 ratio similar to other shergottites. Thus, the bulk composition of NWA 6963, based on FeO/MnO and K 2 O/TiO 2 ratios, is consistent with its classification as a shergottite, which is consistent with the oxygen isotopic measurements from Wilson et al. (2012) and Warren et al. (2012) . Overall, NWA 6963 exhibits compositional similarities in several diagnostic element-element ratios to other Martian meteorites but has a fairly unique and more extreme composition (highest MnO but lowest Al 2 O 3 content; Figure 2 ).
Trace Elements
Martian basalts are typically categorized as enriched, depleted, or intermediate in rare earth elements (REEs; e.g., Borg & Draper, 2003; Filiberto et al., 2012; Jones, 2003; Norman, 1999) . This difference in incompatible element abundances likely reflects the presence of at least two reservoirs:
(1) a depleted, reduced mantle reservoir and (2) an enriched, oxidized reservoir representing an enriched mantle reservoir or possibly crust (e.g., Borg & Draper, 2003; Bridges & Warren, 2006; Filiberto et al., 2012; Jones, 2003; Norman, 1999; Treiman & Filiberto, 2015 Tables 2-7 . CI chondrite data are from Anders and Grevesse (1989) , and basaltic shergottite data are from compilation in Filiberto et al. (2012) , and references therein.
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Journal of Geophysical Research: Planets pigeonite rims give a low T of~1010°C calculated from the QUIlF software (Andersen et al., 1993) . Olivine when present is minor and is fayalitic (~Fo 10 ). Other minor phases include Cr-spinel, ilmenite, merrillite, apatite, and Fe-sulfides. There is no mesostasis in the rock; instead, NWA 6963 contains interstitial micrographic granitic (K-feldspar and quartz) and glassy silica-rich blebs (Gross & Filiberto, 2014a , 2014b .
Crystal Size Distribution and Spatial Distribution Patterns
Crystal size distribution analyses were performed on a total of 269 pyroxene crystals in the thin section analyzed. The CSDslice software (Morgan & Jerram, 2006) , was used to match the habit (defined as rectangular prism) with an aspect ratio of 1.00:1.20:1.90 (R 2 = 0.76). The CSD profile (Figure 4a ) shows a linear trend with a decrease in the smallest grain sizes (<0.4 mm) and flattening of the slope for largest grain sizes (>2 mm). The slope is À2.86 with an intercept at 4.29 mm À1 for pyroxene lengths and a slope of À4.4 and an intercept of 5.43 mm À1 for width.
The SDP analyses show that the NWA 6963 pyroxene population consists of moderately well-sorted pyroxene crystals with a well-packed distribution that falls in the touching framework field close to the nakhlite field ( Figure 4b ).
CSD analyses were also performed on two thick sections, thus elemental maps rather than transmitted light images were used to trace grain boundaries. Thick sections 1 and 2, which included 409 and 478 measured pyroxene crystals, shows slopes for pyroxene lengths of À2.41 and À2.12 with intercepts of 3.55 mm À1 and 3.66 mm
À1
, respectively. Although the thick sections show a higher number of pyroxene crystals, their slopes are shallower than the CSD slope measured using the thin section, indicating analyses of grains that are larger compared to those measured on the thin section. According to these results, the sections whose transmitted light images are not available cannot be used to reliably describe CSD for pyroxene population in currently recovered shergottites, due to the fact that pyroxene grain boundaries are difficult to distinguish using chemistry alone from element maps of thick sections.
Shape-Preferred Orientation
The rose diagram of crystal directions displays the dominant shape-preferred orientation of pyroxene fabric ( Figure 5) . The X and Y axes correspond to the edges of the original backscattered electron image and provide 
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Journal of Geophysical Research: Planets a spatial framework for orienting dominant petrofabric trends ( Figure 5 ). The direction of the X axis equals 0°while the direction of the Y axis equals 90°. The shape ratio, represented by a best fit fabric ellipse, equals the length of the long fabric axis divided by the short fabric axis and the shape ratio for NWA 6963 equals 1.356. The dominant fabric orientation corresponds to 153°with respect to the X axis.
Visible and Near-Infrared Spectral Properties
The reflectance spectrum of NWA 6963 is dominated by absorptions centered at 958, 1,244, and 2,082 nm, all due to crystal-field splitting of Fe 2+ in pyroxene. The specific positions of these absorptions are controlled by pyroxene chemistry (in general, higher Ca and Fe push bands to longer wavelengths), but the overall albedo and band depths of the spectrum are controlled by texture, mostly grain size (e.g., Clark, 1999; Klima et al., 2011) . The general spectral shape and absorption centers of NWA 6963 are similar to other basaltic shergottites (Figure 6 ), where olivine is not abundant enough to have a noticeable effect on the spectral properties, and the maskelynite signal is masked by the strength of the pyroxene absorptions. This similarity is more apparent when the spectra are divided by a two-part linear continuum that removes some of the texture effects. Figure 6b shows the continuumremoved VNIR spectrum for a powder of NWA 6963 compared with other Martian meteorites. The continuum-removed spectra demonstrate that NWA 6963 has similar pyroxene crystal chemistries to other basaltic shergottites.
Micro-FTIR Spectroscopy
Because component spectra of coarse particulates and solids typically add linearly at thermal infrared (TIR) wavelengths (e.g., Lyon, 1963; Thomson & Salisbury, 1993 ) the bulk rock spectrum can be obtained by averaging the individual map points (Figure 7) . Figure 8 shows the average μ-FTIR spectrum of NWA 6963 compared to the bulk rock (not powder) emissivity spectra of basaltic shergottites Zagami, EETA79001, and Los Angeles (e.g., Hamilton et al., 1997 Hamilton et al., , 2003 . The average spectrum of NWA 6963 is in family with the TIR spectra of other shergottites (Figure 8 ), exhibiting band positions that are most similar to those of EETA79001and Zagami. The similarities in relative band depths across the spectral region between NWA 6963 and the other shergottites suggests that the pyroxene grains in the NWA 6963 thick section are not strongly crystallographically oriented, even if there is a shape-preferred orientation. Minor differences between meteorites in 
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Journal of Geophysical Research: Planets the silicate stretching band depths (~1,100-800 cm À1 ) may be attributable to the observed normal zonation in NWA 6963 pyroxenes (Benedix & Hamilton, 2009 ). There are no spectral variations that are obviously attributable to textural differences (gabbroic versus basaltic).
Phases that are identified in the individual map spectra (not shown) include the following: pigeonite, augite, two distinctly different silicic amorphous phases (the glassy silica-rich blebs and graphic granitic blebs), and apatite. Olivine has not been detected in this sample by μ-FTIR, although fayalitic olivine is known to be present in the meteorite at minor abundances based on EMPA. Evidence of shock is present based on the identification of maskelynite spectra, which are described further in section 4.7.
Shock Petrography
Pigeonite shows light green to darker green pleochroism, and augite displays light yellow to orange-yellow pleochroism ( Figure 9 ). Pyroxene is frequently mosaicized with planar fractures and exhibits strongly undulating extinction. Pyroxene twins are typically coarse planes parallel to (001), for example, a 0.35-mm long single plane in a 0.35 × 0.15 mm grain. Mechanical twinning is rare but was observed in one grain with irregular spacing of twin planes of 2 to 4 μm; these planes are sometimes slightly bent and in places they transition to open fractures. More frequently, planar deformation features occur with spacings of 1.5 to 2 μm in one direction; two or more sets of planar deformation features are less well developed. Maskelynite is fully isotropic and does not exhibit flow 
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Journal of Geophysical Research: Planets textures, vesicles, or recrystallization to plagioclase (Figure 9 ). This diaplectic plagioclase glass has subhedral shapes and fills interstitial spaces between the larger pyroxene crystals. The largest maskelynite domains are 1-mm long but typical sizes are 0.5 mm long and 0.2 mm wide. Deformation features constrain shock pressures to >38 and <45 GPa with an associated postshock temperature increase of 100 to 600°C (e.g., Fritz et al., 2005; Meyer et al., 2011; Ostertag, 1983; Stöffler et al., 1991 Stöffler et al., , 2018 .
We obtained a complementary constraint on the shock pressure by comparing the average μ-FTIR spectrum of maskelynite in NWA 6963 with the spectra of terrestrial plagioclase shocked in the laboratory at pressure intervals between~25 and 56 GPa (Johnson, 2012) . Increasing shock results in a reduction in the strength and number of band minima; individual features in the silicate stretching region (~1,200-800 cm
À1
) are the first to disappear, followed by features at lower wavenumbers (<665 cm À1 ). Maskelynite in NWA 6963 exhibits no residual crystalline features in any part of the spectrum, which indicates a shock pressure of more thañ 43 GPa, the highest pressure at which crystalline features are visible in the Johnson (2012) study (Figure 10 ). This observation is consistent with the constraints for shock pressures derived from diagnostic petrographic features in pyroxene and maskelynite described above. The NWA 6963 maskelynite is virtually indistinguishable from anorthite shocked at 47.5 GPa and above, suggesting that pressures between 43 and 47.5 GPa can explain the observed spectral character. Above 47.5 GPa, there are negligible changes in spectral features with increasing shock pressure (Johnson, 2012) , so we cannot constrain the upper pressure limit based on spectroscopy alone.
Weathering in NWA 6963
In general, weathering in hot deserts has been shown to affect some elements that dissolve readily in water (Barrat et al., 2001; Crozaz et al., 2003; McLennan, 2003) . To evaluate the effects of hot desert weathering on NWA 6963, we focus on Sr, Ba, and Ca, as has been done for other Martian meteorites found in hot deserts Filiberto et al., 2012) . Weathering in terrestrial hot (2014) and nakhlites field from Udry et al. (2012) . RSDL corresponds to random sphere distribution line; R is defined as the ratio of the mean nearest neighbor distance of the pyroxene population to the predicted mean nearest neighbor distance for a random distribution of points. CSD = crystal size distribution; SDP = spatial distribution pattern. Figure 5 . Rose of directions for the shape-preferred orientation of pyroxene fabric in NWA 6963 (using Launeau & Robin, 1996) . X-Y coordinates are arbitrary to the thick section being investigated. See Filiberto et al. (2014) for BSE image. BSE = backscattered electron.
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Journal of Geophysical Research: Planets desert environments will not add or remove Al but will dramatically increase fluid mobile elements such as Sr, Ba, and Ca. Therefore, plotting these elements against Al and comparing NWA 6963 to ol-phyric and basaltic shergottites found in both hot and cold deserts can help elucidate the degree of terrestrial alteration in NWA 6963 (Figure 11 ). The Sr/Al 2 O 3 ratio of NWA 6963 is consistent with other basaltic and ol-phyric shergottites but the Ba/Al 2 O 3 is significantly higher than other shergottites. Thus, it seems likely that the desert weathering of NWA 6963 has added some fluid mobile elements (possibly as veinlets of carbonates or sulfates). This is consistent with the mineralogy of NWA 6963, where there is minor alteration occurring within cracks (supporting information figures). Figures 1, 12 , and supporting information figures show element distribution maps for NWA 6963. Importantly, calcium is enriched in the cracks of NWA 6963, but sulfur and strontium are nearly absent in the cracks (supporting information figures). This observation is consistent with hot desert weathering precipitating carbonates in the cracks that contain barium but not strontium or sulfur (e.g., Crozaz et al., 2003) . Further, 15 spectra in our μ-FTIR map (representing at least six discrete locations) display features attributable to carbonate (these were removed from the map prior to analysis). MELTS_Excel calculations (Gualda & Ghiorso, 2015) were conducted using the NWA 6963 bulk composition (Table 1) at 1 bar and QFM-1 to represent the crystallization conditions experienced by the magma. We assumed an oxygen fugacity (QFM-1) for the parent magma to NWA 6963 that represents average conditions for basaltic shergottites (e.g., Herd et al., 2002) . Calculations were done for equilibrium conditions. MELTS_Excel modeling calculates a liquidus temperature of 1270°C and a solidus temperature just below 1000°C. Orthopyroxene is the liquidus phase at 1270°C but is replaced by clinopyroxene (pigeonite) at 1240°C; a second clinopyroxene (augite) does not join the crystallization sequence until 1200°C (in close agreement with the temperatures from QUIlF calculations). Plagioclase crystallization does not begin until 1060°C. Spinel (Cr-Fe-Mg-Al) crystallization occurs throughout and is never more than 3 wt %, but spinel stability is typically overestimated using MELTS for Martian bulk compositions . The calculated mineralogy just above the solidus (at 1000°C) is 42 wt % pigeonite, 42 wt % augite, 3 wt % spinel, and 6 wt % plagioclase. NWA 6963 contains 40 vol % pigeonite, 25 vol % augite, and 30 vol % plagioclase (now shocked to maskelynite) with minor fayalite, ilmenite, merrillite, apatite, and Fe-sulfides. Calculated mineralogy from a CIPW norm (assuming 10% Fe 2 O 3 ) is 1.13 wt % quartz, 11.89 wt % plagioclase (0.6 orthoclase, 6.5 albite, 4.8 anorthite), 79.13 wt % pyroxene (34.83% diopside; 44.30% hypersthene), 3.06 wt % magnetite, 1.46 wt % ilmenite, and 1.81 wt % apatite. The CIPW norm interestingly calculates similar mineral proportions as the MELTS calculations; however, CIPW does not calculate two clinopyroxenes (augite and pigeonite) but orthopyroxene and clinopyroxene in very similar proportions instead. The mineralogy (both in the rock and calculated from CIPW norm and MELTS_Excel) is consistent with NWA 6963 containing excess pyroxene (presumably pigeonite) and representing a partial cumulate rock, as suggested from the bulk chemistry and texture of the rock. Excess pigeonite is also consistent with NWA 6963 having the lowest Al 2 O 3 and highest MnO content of any basaltic shergottite. Pigeonite in NWA 6963 contains ≪1 wt% Al 2 O 3 ; therefore, addition of excess pigeonite will decrease the overall Al 2 O 3 content and increase the MgO and FeO content. In addition, the high modal (~65%) pyroxene content of the rock is above the point of critical crystallinity, corresponding to 55% of phenocrysts in basaltic magmas (Marsh, 1981) . Marsh (1981) showed that basaltic lavas with more than 55% of 
Journal of Geophysical Research: Planets phenocrysts are rare and that these lavas cannot flow or erupt if the modal abundance of phenocrysts has reached this point of critical crystallinity. The high modal abundance of pyroxene in NWA 6963 reinforces that this rock does not represent a lava but a partial cumulate rock with excess pyroxene, consistent with almost all of the basaltic and poikilitic/lherzolitic shergottites (e.g., Treiman & Filiberto, 2015) . Therefore, similar to Shergotty and Zagami, NWA 6963 represents a partial pyroxene cumulate and, based on NWA 6963 having the lowest Al 2 O 3 content of all basaltic shergottites to date, it contains more cumulate pyroxene than either Shergotty or Zagami. However, NWA 6963 has the highest REE of any of the basaltic shergottites (Figure 3) but not significantly more light elements (Na and/or K). The combination of the cumulate texture, low Al content, high REE, and moderate (but not high) Na and K contents suggests that the REE must be contained in the late stage interstitial granitic blebs and phosphates and suggests that the enrichment happened early in the petrogenetic history. If the enrichment happened late (i.e., within the crust) we would expect to see a change in crystallizing pyroxene chemistry associated with the timing of enrichment. Instead, the pyroxene chemistry shows a trend from higher-temperature to lower-temperature crystallization without a significant change in magma composition. Further, rims of pyroxenes are not enriched in LREE as would be expected from enrichment or contamination after crystallization started (Meado et al., 2017) . Enrichment in the mantle reservoir, instead of the crust, is consistent with the recent shergottite geochemical model of Treiman and Filiberto (2015) , where mixing between both depleted and enriched components occurs within the upper mantle, followed by fractionation and accumulation of cumulate minerals occurring in the crust.
Spectroscopy
The VNIR spectrum of powdered NWA 6963 and the TIR spectrum of a thick section of NWA 6963 are broadly quite similar to the spectra of other shergottites in these wavelength ranges (both basaltic and ol-phyric shergottites). This spectral similarity is consistent with the mineralogy of NWA 6963 being dominated by pyroxene, as are all basaltic shergottites.
The VNIR spectrum of NWA 6963 is distinguishable from the other Martian meteorites, however, by its significantly higher albedo and spectral contrast compared to basaltic shergottites including Shergotty, Los Angeles, and QUE 92401 for powders sieved to the same particle size range ( Figure 6 ). The mean reflectance values from 300 to 2600 nm for those three meteorites are 0.20, 0.21, and 0.24, respectively, compared to 0.35 for NWA 6963. Interestingly, the VNIR spectral properties of NWA 6963 are most similar to Zagami, which is classified as a basaltic shergottite. Zagami's mean reflectance is 0.32, intermediate between the cluster of basaltic shergottites and NWA 6963. However, a study of textures and microstructures of pyroxene in Zagami suggested an origin in a thick (>10 m) lava flow or, more likely, as a shallow intrusive body (Brearley, 1991) -see discussion below. By contrast, the spectrum of the basaltic regolith breccia NWA 7034 is significantly darker with much weaker absorption features, a consequence of its fine-grained matrix (Cannon et al., 2015) . Whether or not the VNIR spectral signatures could be unambiguously distinguished in orbital data is questionable, as there are many factors that can influence band depths/albedo in the VNIR. Therefore, in order to distinguish coarse-grained gabbroic versus fine-grained basaltic 
10.1029/2018JE005635
Journal of Geophysical Research: Planets rocks, additional geologic context would be required. However, this could provide first-order information needed to target the Martian surface to find exposures of crustal rocks.
The TIR spectrum of NWA 6963, on the other hand, bears the greatest similarity to that of EETA79001, which is most readily observed in the consistency of the shape and position of the features in the silicate bending mode region at low wave numbers (600-400 cm À1 ,~16.7-25 μm). Both EETA79001 and NWA 6963 have~65 vol % pyroxene and~30 vol % plagioclase (as maskelynite; Filiberto et al., 2014; McSween & Jarosewich, 1983) . The spectrum of Zagami differs from that of NWA 6963 by the presence of a deeper band at 883 cm À1 (relative to the other minima in the 1,200-800 cm À1 region), and slight broadening of the silicate bending minimum near 510 cm À1 . These differences are attributable primarily to differing proportions of pigeonite and augite in the two meteorites. Zagami typically contains a greater proportion of augite, 50%-65% of total pyroxene (e.g., Stephen et al., 2010) , than NWA 6963 (where augite is only~40% of total pyroxene). The spectrum of Los Angeles is least like that of NWA 6963, where Los Angeles contains more maskelynite on average (~50 vol %) than pyroxene (40 vol %) (Mikouchi, 2001; Rubin et al., 2000; Xirouchakis et al., 2002) and NWA 6963 (and EET A79001) contain notably more pyroxene (~65 vol %) than maskelynite (~15-30 vol %) . These differences in modal mineralogy are manifested as the muting of the pyroxene features by maskelynite in the Los Angeles spectrum in the 1,200-800 cm -1 (~8.3-12.5 μm) region and a shift of the silicate bending minimum at low wave numbers from~511 cm À1 in NWA 6963
to 470 cm À1 in Los Angeles. Finally, based on these data, there is no obvious evidence that gabbroic versus basaltic texture (as represented by these meteorites) has an effect on the TIR spectra of solid samples, and by analogy, coarse, nonvolume scattering particulates. The spacing between PDF lamellae is 1.5-2 μm. PDF in pyroxene indicates shock pressures between 30 and 70 GPa (Stöffler et al., 2018) . Figure 10 . Average maskelynite spectrum derived from μ-FTIR mapping of NWA 6963 compared with laboratory-shocked plagioclase from Johnson (2012) . Vertical lines denote silicate stretching and bending band minima in NWA 6963 maskelynite. The gray-shaded area indicates a region containing absorptions due to crystalline plagioclase; the lack of such features in the NWA 6963 maskelynite spectrum indicates that the shock level experienced by this sample must be greater than~43 GPa. FTIR = Fourier Transform Infrared.
Quantitative Textural Analyses
CSD studies of pyroxenes in basaltic shergottites have revealed multiple growth regimes, with initial crystallization at depth before eruption, emplacement, and final crystallization of the magmas in a lava flow over a period of a few weeks to months (e.g., Ennis & McSween, 2014; Lentz & McSween, 2000 , 2005 . However, the CSD results for NWA 6963 are quite different than previous results with the CSD profile of NWA 6963 pyroxene population showing a trend indicating a single stage of growth or alternatively an effective cumulate sorting process, which is suggestive of steady state conditions of nucleation and growth. The drop in smallest grain sizes can be explained by halt in nucleation with continued growth (Higgins, 2000) . A flattening for the largest grain sizes is also observed, likely indicating fractionation and accumulation, which is typically observed in other shergottites (Balta et al., 2015; Basu Sarbadhikari et al., 2009; Ennis & McSween, 2014) . The linear trend observed for the NWA 6963 pyroxenes is similar to that for pyroxenes from the olivine-phyric shergottites EETA79001 and DaG 476 (Ennis & McSween, 2014) . This trend differs from those of Shergotty and Zagami, which show a two-step crystallization history with first crystallization of pyroxene cores at depth followed by crystallization of rims after magma eruption (Lentz & McSween, 2000) . Ennis and McSween (2014) (Marsh, 1988) and of 10 À8 mm/s calculated for basaltic shergottites (Lentz & McSween, 2000) . The residence times for NWA 6963 are 4 times longer than EETA79001 and DaG 476 for similar constant growth rates (Ennis & McSween, 2014) . However, residence time data needs to be interpreted carefully due to the fact that growth rates in silicates observed in Martian meteorites are not constant (Ennis & McSween, 2014) . As indicated by the SDP analyses, the NWA 6963 pyroxenes show a touching framework, which is extremely common for igneous phenocrysts that likely accumulated as clumps (Jerram et al., 1996) .
Similar to the SPD and CSD results, the SPO results for NWA 6963 suggest fabric-forming by mechanical segregation of crystals. The high shape ratio from SPO calculation indicated by image analysis and apparent lack of plastic deformation microstructures in pyroxenes suggests that magmatic deformation occurred on Mars. Similarly, electron backscattered diffraction studies mainly of Zagami have shown that pyroxenes in basaltic shergottites have a SPO inferred to have formed from a process that did not involve a strong directional flow and therefore not in a lava flow (Becker et al., 2011; Kaczmarek et al., 2012) . This is consistent with a previous study of textures and microstructures of pyroxene in Zagami that also suggested an origin in a thick (>10 m) lava flow or, more likely, as a shallow intrusive body (Brearley, 1991) . The observed fabrics in shergottite NWA 6963 are consistent with these previous models for Zagami that this texture formed most likely from either hypabyssal magmatic flow or crystal settling, but not as a lava flow on the surface.
Pyroxene Chemistry and Depth of Crystallization
The differences in textures between NWA 6963 and basaltic shergottites is also consistent with the pyroxene compositions that do not show as much Fe-enrichment at very late stage. Figure 13 compares the pyroxene Figure 2 . All data for shergottites are as summarized in Filiberto et al. (2012) and Filiberto (2017) .
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Journal of Geophysical Research: Planets chemistry of NWA 6963 with Shergotty, Los Angeles, Zagami, and gabbroic shergottite NWA 7320 (e.g., McCoy et al., 1992; McCoy & Lofgren, 1999; Rubin et al., 2000; Smith & Hervig, 1979; Udry et al., 2017; Warren et al., 2004; Xirouchakis et al., 2002) , two of which have been previously compared with NWA 6963 (Warren et al., 2012; Wilson et al., 2012) . As has been previously noted, NWA 6963 has a similar range in pyroxene chemistry as the other basaltic shergottites (Warren et al., 2012; Wilson et al., 2012) , however, with less very late stage Fe-enrichment in the forbidden zone. High-Fe enrichment takes rapid crystallization to get into the forbidden zone, as what commonly happens after eruption, and is consistent with most basaltic shergottites forming in lava flows with entrained cumulate pyroxenes. However, NWA 6963 does not show the same Fe-enrichment in the forbidden zone and is consistent with crystallization at depth.
Textures alone point to a cumulate crystallization history either from crystals entrained at the base of a flow from crystal settling or within an intrusive body, but cannot be used to calculate the depth of crystallization. Instead, the Ti/Al ratio of pyroxenes has been previously used to calculate the crystallization depth for Martian meteorites (Balta et al., 2015; Filiberto et al., 2010; Gross et al., 2011 Gross et al., , 2013 Liu et al., 2013; Nekvasil et al., 2007; Udry et al., 2017) . The Ti/Al in pyroxene is sensitive to both compositional changes, as well as pressure of crystallization (e.g., Basu Sarbadhikari et al., 2009; Gasparik, 2000; Nekvasil et al., 2004) . Therefore, the Ti/Al composition of pyroxenes that crystallized after plagioclase crystallization had begun will have artificially higher Ti because plagioclase depletes the magma in Al but not Ti. Therefore, we use only high-MgO pyroxenes, those that crystallized before plagioclase, to assess crystallization depth. Pyroxene Ti/Al compositions in NWA 6963 are consistent with experimentally crystallized pyroxenes >5 and <10 kbar (Filiberto et al., 2010 (Filiberto et al., , 2004 Nekvasil et al., 2007) .
Crystallization History/Summary
Based on all of the data and discussion above, we can formulate a petrogenetic history for NWA 6963 and compare it with that for other shergottites. The parent magma to NWA 6963 first intruded the Martian crust ponding in a magma chamber around 5-10 kbar (~40-86 km depth). If the models connecting the olivine-phyric and basaltic shergottites are correct (e.g., Filiberto et al., 2012; Treiman & Filiberto, 2015; Van Niekerk et al., 2007) , then olivine began crystallizing from the magma (the ol-phyric shergottite parental magma), settling to the base of the chamber, and driving compositional evolution of the magma. Next pyroxene joined the crystallization sequence, again settling to the bottom of the magma chamber. At some point, the magma passed the peritectic and only pyroxene crystallized from the magma (now the basaltic shergottite parental magma). This magma plus pyroxene cores then erupted to the surface making basaltic magmas, possibly including some of the basaltic shergottites (all of those with fine-grained mesostasis). Because not all magma erupts to the surface (approximately 10 times more magma gets trapped in the crust than erupts on the surface; e.g., Crisp, 1984) , on the way to the surface some of this magma plus excess pyroxene gets trapped and emplaced in the crust -making NWA 6963. The high modal (~65%) pyroxene content of NWA6963 is above the point of critical crystallinity suggesting that the magma plus crystals could not flow or erupt. This is consistent with the difference in CSD, SPD, and SPO, as well as the higher pyroxene content of NWA 6963 compared with other basaltic shergottites with the rest able to flow farther toward the surface eventually erupting, while NWA 6963 was emplaced at some depth. Further, the grain density of NWA 6963 is 3,400 kg/m 3 (Kiefer et al., 2014) , which is comparable with the densities calculated for cumulate
Martian rocks (Baratoux et al., 2014) and is comparable with terrestrial dikes and intrusive gabbros (>3,000 kg/m 3 ) but not typical of lava flows (<3,000 kg/m 3 ; e.g., Expedition309/312Scientists, 2006).
Therefore, NWA 6963 represents a partial cumulate that is potentially associated with the basaltic shergottites and could represent the intrusive feeder dike system for the basaltic shergottites that erupted on the surface.
